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ABSTRACT 
The semiannual variation has  been isolated in the drag data of six 
ar t i f ic ia l  satell i tes with perigee heights ranging f rom 250 to 658 km in  the 
interval f rom 1958 through 1966 by suppression of a l l  other known types of 
upper atmosphere variation with the help of empir ical  formulas. Although 
the shape of the curve is somewhat variable f rom year  to year,  the semi-  
annual oscillation i s  a very stable feature  and can be followed without any 
major  change in phase throughout the 8 yea r s  covered by the observations. 
The temperature  curves  obtained from each of the six satell i tes a r e  s t r ic t ly  
in phase and show the same amplitude, i r respect ive of perigee height; 
peculiari t ies of the variation, such a s  an unusually broad minimum o r  a late 
maximum, a r e  easily recognizable in each of the individual satell i te curves.  
This shows that the semiannual variation is  worldwide and that the observed 
density variations a r e  the resul t  of t empera ture  variations at essentially 
the same atmospheric level as  those ar is ing f rom the solar-activity effect. 
All previously known features of the semiannual variation, such a s  the 
systematic inequality in the maxima and minima and the proportionality 
between the amplitude of the temperature variation and the 10. 7-cm so lar  
flux, a r e  confirmed. 
V 
La v a r i a t i o n  bi-annuel le  a 6te' i so l6e  dans l e s  donne'es de 
t r a i n b e  de s i x  s a t e l l i t e s  a r t i f i c i e l s  de hauteur  de pgrigge a l l a n t  
de 250 658 km e t  pour une pe'riode a l l a n t  de 1958 1966. Les 
r g s u l t a t s  furen t  obtenus en 6liminant au moyen de formules empiriqiies 
tous  l e s  a u t r e s  types connus de va r i a t ions  dans l a  haute  atmosph&re. 
Bien que l a  forme de l a  courbe s o i t  q,Jelque peu va r i ab le  d 'une anne'e 
l ' a u t r e ,  l a  va r in t ion  bi-annuelle e s t  une c a r a c t g r i s t i q u e  tris 
s t a b l e  q u i  s e  poursu i t  sans  changement de phase important t o u t  au 
long des  8 anne'es d 'observat ion.  
nues pour l e s  s i x  s a t e l l i t e s  sont s t r ic tement  en phase e t  ont  l a  
m 6 m e  amplitude,  que l le  que s o i t  l a  hauteur de p&rig&e; dans chacune 
des  courbes r e l a t i v e s  aux d i f f g r e n t s  s a t e l l i t e s  on reconnai t  f a c i -  
lement c e r t a i n e s  p a r t i c u l a r i t g s  de l a  v a r i a t i o n  t e l l e s  qu'un mini- 
mum exceptionnellement l a rge  ou un maximum t . w d i f .  Ceci montre que 
l a  v a r i a t i o n  bi-annuel le  e s t  un ph6nomGne moildial e t  que l e s  va r i a t ions  
de densit ;  observ6es sont  l e  r g s u l t a t  de v a r i a t i o n s  de  temp6rature 
q u i  on t  l i e u  essent ie l lement  au & m e  niveau atmosphgrique que l e s  
v a r i a t i o n s  dues l ' e f f e t  de l ' a c t i v i t g  s o l a i r e .  Toutes l e s  carac- 
t g r i s t i q u e s  d6jB connues de l a  va r i a t ion  bi-annuel le ,  t e l l e s  que 
l ' i n g g a l i t e '  syst6matique e n t r e  l e s  maxima e t  l e s  minima ou l a  pro- 
por t ionnal i te '  e n t r e  l e s  va r i a t ions  de temp6rature e t  l e  f l u x  s o l a i r e  
10,7 cm,sont confirm6es. 
L e s  courbes de temp6ratur-e obte- 
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A STUDY OF THE SEMIANNUAL DENSITY VARIATION 
IN THE U P P E R  ATMOSPHERE FROM 1958 TO 1966, 
BASED ON SATELLITE DRAG ANALYSIS 
L. G.  Jacchia, J. W. Slowey, and I. G.  Campbell 
1.  THE SEMIANNUAL VARIATION 
The semiannual variation i s  the least  understood among the several  
types of variation that a r e  observed in  the upper atmosphere.  
the atmospheric density above 200 km reaches a deep minimum in July, fol- 
lowed by a high maximum in October to November; these a r e  followed by a 
secondary minimum in January and a secondary maximum in April. 
Paetzold and Zschtirner (1960, 1961), who f i r s t  called attention to the 
phenomenon, named it the "plasma effect, ' I  in the belief that i ts  cause had 
to be sought in  the interaction between the solar  wind and the magnetosphere, 
modulated by the orbital  motion of the earth. They broke down the variation 
into a semiannual and an annual component and suggested that the la t te r  
could be caused by the interstellar wind. Jacchia (1965a) found that the 
observed density variations could be  explained by temperature  variations in 
the thermosphere and that the amplitude of the temperature  variations i s  
proportional to solar  activity and, m o r e  specifically, to the intensity of the 
10. 7 -cm solar  flux. Since this is t r u e  of both the semiannual and the annual 
components, he concluded that these were  not separate phenomena, but 
r a the r  character is t ics  of a single type of variation. 
(1966a, b) to explain the semiannual variation a s  an  illusion caused by the 
motion in latitude of satellite perigees has  been effectively disproved by 
King-Hele (1966a, b), who showed that the semiannual variation i s  conspic- 
uously present even in the drag of polar satell i tes in c i rcu lar  orbits.  Cook 
and Scott (1966) and Cook (1967) found that a t  a height of 1100 km the semi-  
annual variation around sunspot minimum i s  too large to be explained 
Every year ,  
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Aeronautics and Space Administration. 
ent i re ly  by temperature  variation in the thermosphere 
the re  could be, i n  addition, parallel variations in the height of the turbo- 
pause for  helium. 
is only apparent, being caused by  an e r r o r  in  the hydrogen content of the 
comparison models. A semiannual variation in  the ionosphere, parallel  to 
that of the neutral  atmosphere, has been recognized for  some time, both in  
the effective height (Becker, 1966) and in  the electron density (Radicella 
and Cosio de Ragone, 1966; Yonezawa, 1966) of the F 2  peak. 
and suggested that 
Jacchia (1 567) ,  however, believes that the discrepancy 
2 
2. METHOD O F  ANALYSIS 
F o r  the present analysis we have assembled a l l  available drag data for  
six satell i tes,  f rom among those tracked by the Baker-Nunn cameras  of the 
Smithsonian Astrophysical Observatory, that  a r e  particularly suited for a 
study of the semiannual variation. The f i r s t  c r i te r ion  for the selection of 
these satell i tes was that they should have been observed without ser ious 
interruptions for several  cycles of the variation. F r o m  this selection, 
however, we had to eliminate those satell i tes with high inclinations and 
perigee heights above 500 km, because of the difficulty of accounting with 
a sufficient degree of accuracy for  the effect of the winter helium bulge 
(Jacchia and Slowey, 1967; Keating and P r io r ,  1967). Basic data for the 
six selected satell i tes appear in Table 1 .  
Table 1. Characterist ics of satell i tes 
- 
Z 
P 
(km) i Observations 
Vanguard 1 (1958 p2)  658 34."3 May 1958- July 1961 
Vanguard 2 (1959 a l )  563 32.9 March  1959 - November 1966 
Vanguard 3 (1959 Eta) 516 33.3 September 1959 -September 1962 
Explorer  8 (1960 (1) 426 49.9 October 1960 - November 1966 
Explorer  1 (1958 Alpha) 350 33. 2 Feb rua ry  1958 - July 1966 
Injun 3 (1962 P T ~ )  250 7 0 . 4  December 1962 - July 1966 
We isolated the semiannual variation by the same  method and the same 
computer program that had been used by Jacchia and Slowey (1967) to isolate 
the diurnal variation. We eliminated the solar-activity effect, the diurnal 
variation, and the geomagnetic effect by using the equations given by Jacchia 
(1 965b), with the following modifications : 
3 
A. The value of the diurnal-variation factor R in equations (10) and ( l l ) ,  
in agreement  with the recent  resul ts  by Jacchia and Slowey (1967), was taken 
to be 1. 32 for  a l l  dates before February  1963, and 1 . 2 6  f r o m  August i963 
onward; i n  between these dates, R was made to  dec rease  l inearly.  
B. The coefficient of the exponential function in  equation (14), which 
accounts fo r  the geomagnetic effect, was decreased  f rom 125" to l o o " ,  in  
agreement  with the recent resu l t s  by Jacchia,  Slowey, and Verniani (1967).  
In addition, the t ime lag in the atmospheric variations 
in  the geomagnetic index was changed to  0. 279 days, o r  6 . 7  hours. 
with respec t  to those 
C. A t ime lag of 1. 5 days was introduced in the solar-activity effect, 
a s  given by equation (8), in agreement with the recent  resul ts  by Roemer 
(1967). 
As  in  the analysis of the diurnal variation, we used 10-day means of 
We gave each individual observation a weight the t empera tu re  residuals.  
proportional to the interval  of differentiation of the positional data f r o m  
which the orbi ta l  accelerations (and thus the tempera tures)  were  derived. 
This  procedure minimizes  possible e r r o r s  introduced by inadequate c o r -  
rect ion for  magnet ic-s torm activity. 
shown separately for  each of the six satel l i tes  in  F igure  1 ; a summary  of 
the maxima and minima f r o m  these curves  i s  given in Table 2. 
The 10-day means  thus obtained a r e  
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3. RESTJLTS 
An inspection of Figure 1 immediately reveals  the following facts: 
A. The semiannual variation i s  a very stable feature  and can be fol- 
lowed without any major  change in  phase throughout the interval of m o r e  
than 8 yea r s  covered by the observations. 
B. The shape of the temperature  curve is somewhat variable from 
yea r  to year. 
C.  The individual temperature curves  obtained f rom each of the six 
satell i tes a r e  strictly in phase and show the same amplitude, i r respect ive 
of perigee height. 
min imum that is exceptionally high, o r  broad, or  late, etc. - can be recog- 
nized in a l l  the curves that cover that particular t ime interval. 
Any peculiarity of the curve - such a s  a maximum o r  
D. The amplitude of the variation was large at  sunspot maximum (1958 
to 1959) and decreased toward sunspot minimum (1963 to 1965). 
During the yea r s  1959 and 1960, the mean yearly residual was strongly 
W e  believe negative for the four satell i tes that were observed a t  that time. 
this  can be explained by a temporary failure of the 10. 7-cm solar  flux to 
represent  correct ly  the intensity of the heating radiation during that interval;  
in other  words, the relation between atmospheric temperature  and the 10. 7- 
c m  flux cannot be considered perfect - a resul t  that was to be expected. 
In each of the diagrams of Figure 1 the line AT = 0 corresponds to zero  
residual  f rom the Jacchia (1965b) models. 
yea r  is very close to  zero for the yea r s  1961 to  1966 a t  the heights c o r r e s -  
ponding to 1959 a 1  (516 km) and 1960 5 1  (426 km). The curve of 1958Alpha 
(350 km) is systematically 10" lower, and that of 1962 pT2 (250 km) shows 
a m e a n  residual of -23". This indicates that  the models predict  densities 
that  a r e  a little higher: by 0. 0 2  in log p at 350 km and by 0. 03 at 250 k m  (5'7'0 
and 770, respectively). Although this discrepancy could be real ,  i t s  smallness  
W e  see that the average of the 
7 
does not preclude the possibility that i t  might a r i s e  f rom an uncertainty in 
the a rea- to-mass  ratio of the satellites o r  f rom a moderate  height dependence 
of the drag coefficient. 
An intercomparison of the residuals for different satell i tes leads to the 
individual systematic residuals shown in Table 3. 
- 
Table 3. Systematic residuals AT f rom the Jacchia 
( 1  965b) models 
- 
Satellite Z 
P 
- 
AT 
1958 p 2  658 -5 
1959 a 1  
1959 Eta  
1960 (1 
1958 Alpha 
1962 PT2  
56 3 
516 
4 26 
350 
250 
0 
t14 
-3  
-10 
- 23 
The systematic residual for 1959 Eta  must  not be  considered seriously, 
since the presentation a r e a  for  this satellite of ra ther  complicated shape is 
not accurately known. 
by l a rge r  scat ter  because the effect of solar-radiation p r e s s u r e  on it could 
not b e  accurately computed on account of i t s  odd shape; this situation led to 
i t s  finally being dropped f r o m  the observing list,  when atmospheric drag 
became comparable in magnitude with radiat ion-pressure effects. 
Moreover, the data f rom this satell i te a r e  affected 
In combining the data f rom different satellites, we have taken into account 
the systematic res iduals  of Table 3; in  addition, we have used the weights, 
given in Table 4, that reflect  the degree of accuracy of the observational 
data. 
8 
Table 4. Weights used for the computation of mean  residuals 
Time interval 
Satellite (MJD) Weight 
1958 p 2  Beginning to 37000 
37000 to 37488 
After 37488 
1959 a 1  Beginning to 38200 
After 38200 
1959 Eta  Beginning to 37400 
After 37400 
1960 51 
1958 Alpha 
1962 PT2  
2 
1 
1 
0 
2 
2 
1 
Mean curves of the semiannual variation f rom 1958 to 1966 a r e  shown 
in F igure  2. We computed the mean residuals in two different ways: F i r s t ,  
we computed the means using the original observations, which a r e  shown in 
the top diagram. 
10-day intervals on the smoothed curves of Figure 1. The resu l t  (second 
d iagram in Figure 2) i s  an  a r r a y  of points lying on a smooth curve, which 
the eye can follow m o r e  easily. The same curve, of course,  f i ts  the more  
scat tered points of the top diagram. Means of smooth curves were used in 
a n  ea r l i e r  analysis of the semiannual variation (Jacchia, 1965a); here  we 
have given means of both the original and the smoothed data to show that 
they lead to  identical results.  
Then we computed the means of the ordinates read off at  
In the las t  diagram in F igure  2, we have plotted the smoothed residuals 
= 100, assuming that the 10. 7 of the center  s t r ip  af ter  reducing them to F 
amplitude of the semiannual effect is  proportional to F 
this  assumption i s  justified, inasmuch a s  the amplitude of the curve seems 
7. As can be seen, 
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now to be statist ically the same f r o m  sunspot maximum to sunspot minimum. 
In this l a s t  diagram, we have also drawn a smooth curve through the average 
level of the temperature  residuals in the years  1959 to 1960, when, a s  
a l ready mentioned, it differed considerably f rom the zero  line. 
The data of the second diagram of Figure 2 a r e  replotted in Figure 3,  
year  by year,  to show at a glance the changes in the semiannual variation, 
not only in amplitude and shape of the curve, but also in the t ime of maxima 
and minima. 
We then proceeded to derive an average annual curve of the semiannual 
In addition to averages over the whole variation normalized to 7 
interval (1958 to 1966) covered by the observations, we have derived means 
for  the 5 yea r s  f rom 1961 through 1965, eliminating the incomplete years  
1958 and 1966 and the years  1959 to 1960, in which the mean  level of the 
variation departed f rom the zero  line. In taking the 1958 to 1966 means,  
we applied corrections to the observations of the yea r s  1959 to  1960, equal 
to the ordinates of the smooth curve in  the bottom diagram of Figure 3 ,  
with changed signs. 
used the original observations and the data f rom the smooth curves.  
s ame  curve has  been drawn for reference in  a l l  four diagrams to show the 
sma l l  systematic difference between the general  1958 to 1966 means and 
those of the interval 1961 to 1965; this curve i s  the one that best  f i ts  the 
points on the f i r s t  diagram. 
= 100. 10. 7 
The resul ts  a re  seen  in Figure 4, where again we have 
The 
The systematic difference between the 1958 to 1966 data and those for 
the interval  f rom 1961 to 1965 is small  enough to justify the adoption of the 
curve  derived f rom the longer interval a s  a standard. In Table 5, we have 
assembled, in the first of the four data columns, the original AT means of 
the 1958 to  1966 period, computed f r o m  curve data. 
are reasonably smooth, we have, for interpolation purposes, smoothed them 
s t i l l  fu r ther  by use of graduation formulas: 
Although these means 
These smoothed means appear 
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Figure  3. The semiannual variation, year  by year. The data a r e  the 
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in the second data column headed "curve. I '  F o r  the benefit of those who p re -  
f e r  to use an analytical function instead of tabular values, we submit the 
following expr es  s ion: 
- 
AT = 2.41 t Floe 7[0. 349 t 0.206 ( 2 1 ~ 7  t 2263 5)] sin(4~r-r t 2473 6) , (1) 
where 
1 t s in [2~r (d /Y)  t 3423 31 
2 
d 
Y T = - t 0.1145 
In this formula, d is the number of days elapsed since January 1 and Y 
is the tropical year,  in days. Values of AT computed with this formula a r e  
given in the third data column of Table 5. 
f r o m  curves,  of the 1961 to 1965 interval. 
of the semiannual variation and the corresponding values of AT f r o m  curves 
of the 1958 to 1966 and 1961 to 1965 periods and f rom equation (1)  a r e  given 
i n  Table 6. 
In the las t  column a r e  the means,  
The dates of maxima and minima 
Table 6. Mean maxima and minima of the semiannual 
variation normalized to = 100 10.7 
1958 to 1960 1961 to  1965 Equation (1) 
m' 
AT 
M' 
AT 
m 
AT 
M 
AT 
January 22 
-17" 
April  2 
t 25" 
July 30 
- 50" 
October 27 
t49" 
January 26 
- 23" 
April 1 
t 29" 
July 25 
-50" 
November 1 
t49" 
January 15 
-16" 
Apri l  3 
t28" 
July 30 
-50" 
October 28 
i-49" 
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Lastly, to check for  a possible dependence of the amplitude of the semi -  
annual variation on height, we have computed means,  normalized to - 
= 100, f rom the data of each satellite, separately;  1959 Eta was 
omitted because the data were insufficient to secure  a reliable mean curve. 
The resul ts  a r e  shown in Figure 5, where again the satell i tes a r e  arranged 
in decreasing o rde r  of height. As can be seen, there  is  no c l ea r  evidence 
of a systematic change of the amplitude with height, and we must  conclude 
that the observed density variations a r e  the result  of temperature  variations 
at  essentially the same level a s  in  the case  of the solar-activity effect. 
the other hand, the fact that the shape of the curve is the same,  no mat te r  
f rom which satellite it is derived, shows that the semiannual variation 
affects the whole atmosphere in  the same manner,  i r respect ive of latitude. 
'io. 7 
On 
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Figure  5. Means of the semiannual variation, reduced to Flo. 7 = 100 (see 
legend to Figure 2), computed separately f rom the data of five 
satell i tes (those of 1959 Eta  were  excluded because they covered 
only a relatively short t ime interval). The means of the un- 
smoothed 10-day means a r e  plotted. The same  smooth curve 
that was used for  reference in Figure 4 is also used here  in 
a l l  diagrams. 
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